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. INTRODUCTION 

In  recent  years  there  has  been  great  interest  in  the  behavior 
of  interstitial  solutes,  particularly  hydrogen,  in  refractory  metals. 
Hydrogen  charging  procedures  often  involve  the  equilibration  of 
specimens  with  a purified  hydrogen  atmosphere  at  pressures  deter- 
mined by  the  metal-hydrogen  equilibrium.  Since  the  refractory 
metal  surface  oxides  are  effective  hydrogen  permeation  barriers, 
this  procedure  generally  requires  equilibration  at  temperatures 
greater  than  300"C  after  annealing  at  about  600®C  to  dissolve  the 
surface  oxide  film.  Although  this  procedure  has  been  widely  used, 
the  extent  of  introduction  of  oxygen  impurities  has  not  been  estab- 
lished. 

Interaction  of  the  refractory  metals  with  ©2  (or  H2O)  and 
N2  has  been  widely  investigated  [1,2]  over  a wide  range  of  tempera- 
tures and  partial  pressures  of  the  reactive  gases.  In  addition 
to  the  stable  oxides  and  nitrides  a large  number  of  suboxides  and 
subnitrides  as  well  as  ordered  structures  have  been  reported  [3-6] . 
Suboxides  form  as  precursors  to  stable  oxides  either  in  the  early 
reaction  times  or  at  low  ©2  (or  H2O)  partial  pressures  [7] . 

In  the  present  study,  the  formation  of  these  suboxides  during 
low  temperature  hydrogen  annealing  will  be  shown.  The  suboxide 
formation  will  also  be  shown  to  result  from  a hydrogen  enhanced 
oxidation  process. 
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EXPERIMENTAL  PRCX:EDUR£ 


Transmission  Electron  Microscopy  (TEM)  specimens  were  prepared 
by  electropolishing  high  purity  niobium  sheet  which  had  been  out- 
gassed  at  2300*C  in  vacuums  of  about  1 x 10  Pa.  After  thinning 

they  were  equilibrated  with  atmospheres  of  which  had  been  purified 

by  diffusion  through  a Pd  membrane,  in  a stainless  steel  UHV  charg- 
ing system  which  was  initially  evacuated  to  about  10**^  Pa.  The 
specimens  were  examined  in  a 200  KV  JEOL  microscope  which  was  equipped 
with  a STEM  and  both  heating  and  cooling  stages.  The  morphology 
and  structure  of  the  precipitated  phases  were  examined.  Attempts 
to  establish  the  compositions  of  the  precipitates  were  not  success- 
ful. The  hydrogen  concentrations  were  determined  by  vacuum  extrac- 
tion methods. 

RESULTS  AND  DISCUSSION 

Anneals  at  650*C,  the  temperature  to  which  specimens  are 
usually  heated  for  hydrogen  doping,  in  vacuums  of  1.3  x 10  ^ Pa 
resulted  in  large  numbers  of  oxides  throughout  the  volume  of  the 
specimen.  In  contrast  to  this,  annealing  at  250®C  for  eighteen 
hours  in  a vacuum  of  1.3  x 10  ® Pa  did  not  produce  any  precipitates 
which  were  visible  in  TEM.  Similar  specimens  were  then  annealed 
in  an  atmosphere  of  20.8  Pa  for  eighteen  hours  in  an  attempt 
to  diffuse  H through  the  surface  oxide  layer.  Subsequent  analysis 
showed  that  H/Nb  = 0.025  had  been  achieved  compared  to  the 
H/Nb  = 0.05  expected  from  equilibrium  with  the  hydrogen  gas. 

Hydrogen  charging  can  therefore  occur  by  permeation  through  the 
surface  oxide  during  long  time  anneals  at  low  temperatures. 


3 


TEM  examination  of  these  specimens  revealed  a high  concentra- 
tion of  precipitates  in  the  thinnest  part  of  the  foil,  within 
10  |am  of  the  central  perforation  as  shown  in  Fig.  1.  Each  preci- 
pitate consisted  of  alternate  domains  separated  by  iHOJjjcc 
boundaries  with  several  boundary  orientations  often  present  in  a 
single  precipitate.  Selected  area  diffraction  patterns.  Fig.  2, 
exhibited  a large  number  of  superlattice  reflections  and  could 
not  be  indexed  with  any  of  the  known  hydride  structures.  In  situ 
heating  and  cooling  experiments  also  showed  that  these  precipitates 
were  not  hydrides.  Rapid  cooling  to  77  K did  not  cause  growth  of 
these  precipitates  although  precipitation  of  p hydride  occurred  in 
the  thick  portion  of  the  foil  away  from  the  precipitates.  Heat- 


ing to  250*C  in  the  TEM  caused  growth  of  these  precipitates  simi- 
lar to  that  seen  by  Van  Landyt  [8]  for  suboxides.  If  these  had 


been  hydrides,  resolution  would  have  occurred  [9].  Additional 
annealing  at  400®C  at  vacuums  of  2.6  x 10  ^ Pa  for  18  hours  pro- 

V 


duced  changes  in  the  morphology  and  structure  of  the  precipitates 
(Fig.  3). 

Apparently  an  interstitial  phase,  other  than  a hydride, 
forms  during  annealing  of  niobium  thin  foils  in  a purified 
hydrogen  atmosphere.  This  phase  is  most  likely  a suboxide  of 
niobium.  Such  suboxides  have  been  seen  in  the  V-0  (5] , Ta-0 
[10]  and  Nb-0  [6]  systems.  They  are  characterized  by  diffrac- 
tion *erns  which  contain  large  numbers  of  superlattice 
refit  ' whose  spacings  are  not  simple  fractions  of  the  nor- 
mal bcc  reciprocal  lattice  vectors.  There  is  no  dislocation 
structure  associated  with  the  suboxides,  which  usually  contain 
twin  boundaries  parallel  to  [110 j planes.  The  twinning  results 
from  the  multiplicity  of  the  oxide  ordering  variants  (domains) 
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in  which  the  oxygen  sublattice  has  different  orientation  relative 
to  the  bcc  niobium  lattice. 

Monfort  et  al  [5]  have  determined  the  reciprocal  lattice  for 
a tetragonal  suboxide  of  niobium  (NbgO  to  Nbg  ^O)  which  they  call 
NbOjj(I).  The  electron  diffraction  patterns  presented  here  (Fig.  2) 
can  be  satisfactorily  interpreted  as  superpositions  of  two  or  more 
single-domain  patterns  from  this  suboxide.  Unfortunately,  exact 
oxygen  sites  for  this  niobium  suboxide  structure  are  not  yet  avail- 
able in  the  literature.  Milillo  and  Potter  [11]  have  recently 
calculated  oxygen  positions  in  tantalum  for  a very  similar,  but 
not  identical,  suboxide. 

It  is  notable  that  the  formation  of  the  niobium  suboxide 
precipitates  occurred  only  in  the  presence  of  purified  hydrogen 
gas.  One  possible  explanation  is  that  the  hydrogen  aids  in  the 
transport  of  contaminants,  principally  oxygen,  to  the  niobium 
sample  from  the  surrounding  vacuiom  system  walls.  Hickmott  [12] 
has  established  that,  for  glass  vacuum  systems,  the  presence  of 
hydrogen  increases  the  partial  pressure  of  water  vapor.  This 
occurs  principally  through  the  formation  of  atomic  hydrogen 
at  hot  tungsten  ionization  gauge  filaments  and  the  subsequent 
reduction,  by  this  hydrogen,  of  Si02  at  the  vacuum  chamber.  It 
is  possible  that  a similar  cycle  involving  hydrogen  reduction 
of  metal  oxides  at  vacuum  system  walls  exists  for  the  stainless 
steel  hydrogen  charging  system  used  here.  Annealing  below  1600®C 
in  an  atmosphere  of  water  vapor  is  known  to  irreversibly  increase 
the  oxygen  concentration  of  niobium  [1]  and  Monfort  et  al  [6] 
observed  the  same  suboxide  phase  identical  to  that  observed  in  the  pre 
sent  work  after  charging  in  argon  saturated  with  water  vapor  at  305®C 


CONCLUSION 


It  has  been  shown  that  it  is  possible  to  introduce  small 


amounts  of  hydrogen  into  thin  niobium  foils  by  diffusion  of 
hydrogen  through  the  surface  oxide  layer  at  250**C.  However, 
this  method  of  gaseous  charging  at  elevated  temperatures  may 
unavoidably  lead  to  the  pickup  of  oxygen  and  the  formation  of 


suboxide  phases  in  thin  foils  and  at  the  surface  of  bulk  samples 


The  presence  of  hydrogen  plays  a key  role  in  the  transport  or 
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FIGURE  CAPTIONS 

1.  Suboxide  precipitates  formed  in  thin  foil  samples  during 
gaseous  hydrogen  charging  at  20.6  Pa  pressure  of  and 
250'‘C. 

2.  area  diffraction  patterns  taken  from 
multi-domain  suboxide  precipitates. 

3.  Oxide  structxires  which  formed  during  annealing  of  foils,  which 
previously  contained  suboxide  shown  in  Pig.  1,  for  an  additional 
18  hours  at  400®C. 


fig.  2 
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^The  oxidation  of  niobium  at  very  low  partial  pressures  of  oxygen  was  studied 
using  transmission  electron  microscopy  and  electron  diffraction.  The  oxidation 
was  carried  out  in  *high  purity*  hydrogen  atmospheres. 
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